Given both smoking and vitamin D are associated with coronary heart disease (CHD) via inflammation and smoking may interfere with the local antiinflammatory effects of vitamin D. We hypothesized that the relationship between smoking and severity of CHD may be modified by vitamin D.
Introduction
Smoking has been established to be associated with various disorders, including coronary heart disease (CHD). [1, 2] Smoking cessation has also been advocated for decades in China; however, the smoking pattern in China has changed little in the last 3 decades. It is showed that the current smoking prevalence decreased mildly from 33.88% in 1984 to 28.1% in 2010 for adults aged 15 years or older in the 4 national smoking surveys in China. [3] In practice, potential reasons, at least partially, for some smokers continuing smoking is that a lot of people who continue smoking keep healthy even in their late life, thus smoking seems to be not as harmful as advertised. Existing evidence suggests that the effect of smoking on public health may be modified by environmental factors as well as gene variation, [4] [5] [6] [7] [8] [9] which mean a high-risk smoking population may exist. If that is the case, it may be helpful to quit smoking by finding these high-risk smokers and providing them with strengthened advocacy.
A large body of prior evidence has shown that vitamin D deficiency was associated with CHD. [10] [11] [12] [13] One of the potential underlying mechanisms for this association may be the fact that vitamin D suppresses inflammation of coronary arteries and vitamin D deficiency may increase inflammation. [13] [14] [15] Vitro studies and animal models suggest that smoking may interfere with the local antiinflammatory effects of vitamin D. [16] A study in the urban elderly also showed smoking status was an effect modifier that changed the association between vitamin D deficiency and high-sensitivity C-reactive protein (hs-CRP). [17] Given these findings, we hypothesized that there was a synergistic effect of smoking with vitamin D on the risk of CHD. Thus, the aim of this study was to investigate whether there was effect modification by vitamin D on the association between smoking and severity of coronary artery stenosis assessed by coronary angiography. If the hypothesis was confirmed, it might be helpful to advocate smoke quitting, especially in the high-risk population. To our knowledge, no prior studies have explored an effect modification by vitamin D on the association between smoking and severity of coronary stenosis.
Materials and methods

Study population
In this cross-sectional study, we consecutively recruited 371 patients undergoing coronary angiography at the Heart Center of Chaoyang Hospital affiliated with Capital Medical University between the period of September 2014 and May 2015. Of these patients, 23 cases lacking vitamin D values were excluded. Thus, a total of 348 patients were left in present analysis. Relevant current diagnoses, comorbidities, smoking habits, and results of laboratory test were identified from inpatient medical files.
The inclusion criteria included patients who were suspected of suffering from CHD based on their typically paroxysmal symptoms of chest discomfort and/or ischemia evidence by a noninvasive test such as a dynamic change of electrocardiogram or myocardial enzymes. These patients also needed to consent to undergo a coronary angiogram and additional vitamin D tests at admission. We excluded the patients who suffered from severe liver or kidney diseases, acute or chronic inflammation, or malignancy in this study. Patients who were taking vitamin D at admission or refused to give an informed consent were also ruled out.
Blood pressure was measured after resting at least 10 minutes after admission by nurses. Measurements were performed twice with 10-minute intervals and averaged. Hypertension was defined as a systolic blood pressure of 140 mm Hg or more or a diastolic blood pressure of 90 mm Hg or more (or both) or current treatment for hypertension. Diabetes was defined as a fasting glucose of >7 or >11 mmol/L at any time within 1 month of their angiogram, or a patient was on either oral hypoglycemic agents or insulin. Body mass index was computed as weight in kilograms divided by height per square meter (kg/m 2 ). Smoking was categorized as current-, former-, and never smokers. Current smokers were patients who reported current regular smoking and included those who had quit regular smoking <1 year before recording, and former smokers were those who had quit regular smoking ≥1 year before recording. The study was approved by the ethics committee at the Chaoyang Hospital and all patients provided written informed consent.
Angiographic analysis
To assess the severity of coronary stenosis for patients undergoing coronary angiography, 1 cardiologist independent of the study carried out the angiographic analysis with a percentage stenosis given to the major epicardial arteries and subbranches. Another cardiologist who was also independent of the study reviewed the results of angiographic analysis provided by the 1st cardiologist. They resolved any disagreements by discussion and consensus or by consulting a 3rd independent cardiologist. A severe stenosis, that is, severe CHD, was defined as a 50% or more in left main artery or a 70% or more in other major coronary artery or major branch. Given that Gensini score system is the most widely used system to quantify angiographic CHD burden according to the literature, [18] we also used it for the assessment of severity and extensiveness of CHD in present study. Gensini score was calculated by allocating a severity score to each coronary stenosis based on the location and degree of luminal narrowing. [19] 2.3. Routine laboratory examinations Blood was obtained for routine laboratory examinations after about 12 hours of fasting before elective angiography. When requiring urgent coronary angiography, blood tests were performed following 12 hours of fasting after angiography except for myocardial enzyme and routing blood cell testing. Fasting plasma glucose was measured using the glucose oxidase method. Direct enzymatic methods were used to determine total cholesterol, low-density lipoprotein cholesterol, high-density lipoprotein cholesterol, triglycerides, and lipoprotein (a) cholesterol. Serum 25-OH vitamin D was measured by ELISA method.
Statistical analysis
Descriptive statistics were shown as mean ± standard deviation or median (interquartile range) for continuous variables, and count variables were shown as percent (%). Baseline characteristics were compared across the 4 subgroups using Mann-Whitney, Chi-square test, or Student t test. Given a value of 25-OH vitamin D < 10 ng/mL was considered as severe hypovitaminosis D and to have pathological implications for both the musculoskeletal and cardiovascular systems, [11, 20, 15] we categorized the participants to following 2 groups based on 25-OH vitamin D levels: 25-OH vitamin D < 10 ng/mL and 25-OH vitamin D >= 10 ng/mL. We also modeled 25-OH vitamin D as a continuous variable to explore whether a nonlinear relationship existed between 25-OH vitamin D and presence of severe CHD by using a logistic regression model with a multivariate fractional polynomial (MFP) approach. [21] We used multivariable logistic regression models to estimate odds ratios (ORs) of the presence of severe CHD across 3 smoking subgroups with never smokers being considered as referent and presence of severe CHD as a dependent variable. Moreover, we also treated Gensini score as a dependent variable. Due to the fact that Gensini score and its transformation did not follow a normal distribution, we could not model it as a continuous variable by using a linear regression. Thus, we divided it into tertiles, that is, <6, 6-28, and >=28, and used an ordered logistic regress model with the tertiles as a dependent variable to estimate ORs of the extent of CHD across the smoking subgroups. Covariates in multivariable models were chosen for their clinical relevance and significant univariate associations with severe CHD. The models were 1st adjusted for age and sex, and further adjusted for hypertension, diabetes, and high-density lipoprotein (HDL) cholesterol. We set a multiplicative interaction term of smoking status (current, former, and never) and 25-OH vitamin D levels (<10 and >=10 ng/mL) in a logistic regression model and tested its effect on the risks of CHD, independent of smoking status, 25-OH vitamin D levels, and other confounding factors. Also, we set another multiplicative interaction term of smoking status (ever smoking including current and former smoking, and never smoking) and 25-OH vitamin D levels as a continuous variable in a logistic regression 95: 36 Medicine model. All P values were 2-tailed, and a significance of 0.05 was used. All statistical analyses were conducted using STATA 12.0 (StataCorp LP, College Station, TX).
Results
Of the total 348 patients, 56.3% were male and the mean age was 62.4 ± 10.5 (mean ± standard deviation) years (range: 28-86, median: 62). Severe CHD was identified in 212 patients (60.9%). Mean vitamin D of these patients was 11.9 ± 6.4 ng/mL. Of these patients, there were 161 (46.3%) cases with severe hypovitaminosis D, that is, 25-OH vitamin D < 10 ng/mL. Table 1 shows baseline characteristics of the study population. More proportion of severe hypovitaminosis D was identified in group with severe CHD compared with those without severe CHD.
When the relation between 25-OH vitamin D and severe CHD was examined as vitamin D being a continuous variable by using a multivariable logistic regression model with a multivariate fractional polynomial, we found that 25-OH vitamin D was negatively associated with severe CHD, with no evidence of nonlinear association (P for nonlinear = 0.809). Additionally, the logistic regression model revealed the multivariable-adjusted OR for severe CHD in 25-OH vitamin D >= 10 ng/mL group versus 25-OH vitamin D < 10 ng/mL was 0.52 (95% confidence interval [CI]: 0.32, 0.85).
We found an interaction effect between smoking status (ever and never smoking) and 25-OH vitamin D as a continuous variable as well as a binary variable (25-OH vitamin D < 10 vs ≧10 ng/mL) on severe CHD (P for interaction = 0.049 and 0.045, respectively). In never smokers, 25-OH vitamin D was significantly negatively associated with severe CHD (OR: 0.94; 95% CI: 0.89, 0.99; P = 0.033). In contrast, in smokers, we did not identify such a significant association between them (OR: 0.97; 95% CI: 0.92, 1.02; P = 0.247). When grouping the patients based on vitamin D levels, we found multivariable-adjusted OR for severe CHD in ever-smokers versus never-smokers was 3.14 (95% CI: 1.41, 7.00) among patients with 25-OH vitamin D < 10 ng/mL; in contrast, it was 1.65 (95% CI: 0.74, 3.65) in those with 25-OH vitamin D ≧ 10 ng/mL. Table 2 shows the OR for severe CHD according to smoking status and 25-OH vitamin D levels. In group with 25-OH vitamin D < 10 ng/mL, the ORs of severe CHD for former smokers and current smokers appeared to an increasing trend, compared with nonsmokers (P for trend = 0.005 in the multivariable-adjusted model). In contrast, we did not observe such a trend in the patients with 25-OH vitamin D >= 10 ng/mL. A significant interaction between smoking status and 25-OH vitamin D level on severe CHD was also found (P effectmodification = 0.015). Table 3 shows, similar to the ORs of severe CHD, the trend to be higher Gensini score was statistically significant for former and current smokers, compared with nonsmokers in group with 25-OH vitamin D < 10 ng/mL (P for trend = 0.004 in the multivariable-adjusted model). In contrast, smoking was also not significantly associated with higher Gensini score in group with higher 25-OH vitamin D level. A significant interaction was also detected between smoking status and 25-OH vitamin D level on higher Gensini score (P effectmodification = 0.008 in multivariableadjusted model). Figure 1 presents the multivariate-adjusted ORs of smokers (as compared with never smokers) for severe CHD as well as higher AMI = acute myocardial infarction, BMI = body mass index, CHD = coronary heart disease, DBP = diastolic blood pressure, HDL = high-density lipoprotein, LDL = low-density lipoprotein, SBP = systolic blood pressure. Gensini score are smaller in patients with 25-OH vitamin D ≥ 10 ng/mL, compared to those with <10 ng/mL. The lowest prevalence of severe CHD was observed in nonsmokers with higher Vitamin D; therefore, we used this group as our reference group in Fig. 2 to assess ORs of severe CHD and higher Gensini score in the other 3 combination groups of smoking status and 25-OH vitamin D levels. Both ORs of severe CHD ( Fig. 2A ) and higher Gensini score (Fig. 2B) were higher in the other 3 combination groups, compared with reference group. Of note, smokers with severe hypovitaminosis D had a highest OR for both severe CHD and higher Gensini score.
Discussion
In this study in patients referred for coronary angiography, we found 25-OH vitamin D was independently associated with both presence of severe CHD and extent of coronary artery stenosis; after adjusting for potential confounders, the association between smoking status and extent of coronary stenosis as well as presence of severe CHD was much stronger among patients with severe hypovitaminosis D (25-OH vitamin D < 10 ng/mL) than those with higher vitamin D levels (25-OH vitamin D >= 10 ng/ mL); smoking was not found to be associated with severe CHD or extent of coronary stenosis in patients with higher vitamin D levels; a significant interaction was detected between smoking status and 25-OH vitamin D level on severity of coronary stenosis. Our study is the 1st to examine the cumulative effect of 25-OH vitamin D and smoking status on severity of CHD.
Our finding regarding the association between 25-OH vitamin D and severity of CHD is in line with a growing body of existing evidence showing that 25-OH vitamin D deficiency is significantly associated with increased risk of CHD, [10] [11] [12] [13] [22] [23] [24] but is inconsistent with a few studies that failed to show this significant association. [25] [26] [27] The exact reasons for the differing results across these studies are uncertain. We reasoned effect modifications of some variables might, at least partly, account for it. In this study, there exited an interaction effect between smoking and 25-OH vitamin D on severity of coronary stenosis. In never smokers, 25-OH vitamin D was significantly negatively associated with severe CHD. In contrast, in smokers, we did not identify such a significant association between them. This means one may easily find a significant association between vitamin D and CHD in a study with a lower prevalence of smoking. In the majority of studies which show a significant association between vitamin D and CHD, such as aforementioned studies, [10] [11] [12] 24] the smoking rate is relatively low, ranging from 18% to 55%. In contrast, in the study by Skaaby et al [27] which showed no association between vitamin D and CHD, the smoking rate was around 70%.
There have existed several explanations for the contribution of 25-OH vitamin D to cardiovascular health. As noted, 25-OH vitamin D deficiency is associated with increased vascular stiffness and inflammation, [13, 28] impaired endothelial function, [28, 29] increased coronary calcification, [30] and increased insulin resistance. [31] These may be the underlying mechanisms of vitamin D deficiency associated with higher risk of CHD.
The most novel and important finding in present study was that we found a significant interaction between 25-OH vitamin D and smoking status on the severity of coronary stenosis. This finding is similar to the results of a prior study on the interaction between vitamin D and smoking on lung function. In that longitudinal cohort study, Lange et al [32] found there was an effect modification by vitamin D status on the associated between smoking and lung function. A number of previous studies have also identified that the effect of smoking on public health may be modified by environmental factors as well as gene variation. [4] [5] [6] [7] [8] [9] These findings suggest smoking may be more harmful to certain particular population, which, at least partly, support our finding on the effect modification of vitamin D on the association between smoking and severity of CHD. ORs and 95% CIs (T-shaped bars) of smokers versus never smokers, for the presence of severe coronary heart disease (white columns) and higher Gensini score (dark columns) according to 25-OH vitamin D levels. Results were adjusted for age, sex, hypertension, diabetes, and HDL cholesterol. Smokers refer to former smokers or current smokers. P effectmodification = 0.045 for severe CHD and = 0.023 for higher Gensini score. CHD = coronary heart disease, CI = confidence interval, HDL = high-density lipoprotein, OR = odds ratio.
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There are several possible mechanisms whereby higher vitamin D levels could have a protective effect against damage caused by smoking on coronary artery. A variety of studies have shown that smoking induces oxidative stress, vascular inflammation, platelet aggregation, and vascular endothelial injury, [33] [34] [35] [36] [37] [38] these alterations may be, at least partly, responsible for the increased risk of CHD in smokers compared with nonsmokers. [36] Of note, a few studies have demonstrated higher 25-OH vitamin D is associated with improved endothelial function. [28, 39, 40] Studies have also demonstrated that vitamin D has immunomodulatory and antiinflammatory effect via several pathways. [14, 41, 42] Thus, we speculate the antiinflammatory effect and the role of improving endothelial function of higher vitamin D values may be, at least partly, the mechanisms of its protective action against smoke. Additionally, there have been studies showing that vitamin D can act as an antioxidant [43] or induce production of antioxidants. [44] This effect could counteract the oxidative stress of smoking that leads to coronary endothelial dysfunction and atherosclerosis. [38] In terms of the results in present study, there is another issue worth mentioning. Although the estimated ORs of former smokers were lower than that of current smokers when presence of severe CHD was treated as a dependent variable in the logistic regression model, that was not the case when Gensini score was considered as a dependent variable in the group with vitamin D < 10 ng/mL. The potential reasons for this may be that the sample size in the smoking subgroup was relatively small, which resulted in insignificant point estimates of ORs with wide confidence intervals in most subgroups; however, the trends of ORs for former and current smokers were significant in groups with vitamin D < 10 ng/mL, regardless of whether the presence of severe CHD or Gensini score was treated as a dependent variable.
The strengths of this study that deserve mention are as follows. To our knowledge, it is the 1st study to examine the interaction between 25-OH vitamin D and smoking on the severity of coronary stenosis on coronary angiography. Additionally, we not only examined the interaction between 25-OH vitamin D and smoking status on the presence of severe CHD, but also explored their interaction effect on the extent of coronary stenosis assessed by Gensini score. And we found a consistent modification effect on them.
Limitations of the study
There are also some limitations that should be mentioned. First, the cross-sectional design of the study is a major limitation. Thus, a causality cannot be drawn from present study and the results should be treated conservatively. It needs to be confirmed in a future prospective study.
Second, the sample size in this study is relatively small, especially in each smoking subgroup, thus the confidence intervals of ORs in each smoking group were wide, which probably meant the models did not well fit. Nevertheless, when we used Hosmer-Lemeshow X 2 test to assess the calibration of the models, we found that the models were all well calibrated with the observed data (all P > 0.05), indicating fitting degrees of the models in this study were acceptable.
Third, this is a single-center study and the participants were not sampled from the general population, limiting its generalization. Thus, a prospective cohort study in a general population is warranted to confirm our findings.
Fourth, we chose a 25 (OH) vitamin D cut-point of 10 ng/mL, based on literature not by justifying it, to investigate its effect modification. This seems to be arbitrary. However, a cutoff value of vitamin D as 10 ng/mL has been defined as severe hypovitaminosis D [11, 20] and believed to have pathological implications for both the musculoskeletal and cardiovascular systems. [15] Moreover, we have also tried other cutoffs, such as 20 ng/mL, that is, a cutoff for vitamin D deficiency, [26, 32, 45] but failed to find a significant effect modification. These suggest the optimal dichotomized value of vitamin D to identify a modification effect of vitamin D on association between smoking and severity of CHD might be 10 ng/mL in this study.
Last, in this study, a potential for measure bias regarding data reliability should be mentioned. For instance, measure bias might exist when we measured vitamin D levels. Although the precise of the vitamin D measurement was satisfactory, with coefficient of variations of intra-and interassay being 7.1% and 9.7%, respectively, we only measured vitamin D levels one time. However, vitamin D levels vary over time. This may result in measure bias. Of note, in a study by Lange et al, [32] vitamin D was measured in a cross-sectional design and then 3 times in a longitudinal design; the finding on vitamin D measured one time Dark columns, 25-OH vitamin D >= 10 ng/mL; white columns, 25-OH vitamin D < 10 ng/mL. Results were adjusted for age, sex, hypertension, diabetes, and HDL cholesterol. Nonsmokers with a higher 25-OH vitamin D level had the lowest probability of severe CHD or higher Gensini score and therefore were used as the reference group. Among the other 3 groups, smokers with lower 25-OH vitamin D level had a greatest and significantly risk of severe CHD or higher Gensini score (P < 0.01). Smokers refer to former smokers or current smokers. CHD = coronary heart disease, CI = confidence interval, HDL = high-density lipoprotein, OR = odds ratio. is same as that from the longitudinal multivariable model using repeated vitamin D levels, that is, there were similar effect modifications by vitamin D status on the association between smoking and lung function. Additionally, Major et al [46] analyzed 25-OH vitamin D in a prospective, nationwide study at 2 time points within a 1-year period, most measured in different seasons and found the intraclass correlation coefficient (ICC) was 0.72, which suggest an individual's 25-OH vitamin D level is relatively stable over a 1-year period and a single blood sample may provide a reasonable average for 25-OH vitamin D over a 1-year period. Even so, we believe a future study measuring vitamin D levels repeatedly is needed to confirm our findings.
In conclusion, the findings in this study add to the existing evidence suggesting that serum vitamin D level is independently associated with the severity of coronary artery stenosis. Importantly, we found that the association between smoking and severity of coronary artery stenosis was modified by 25-OH vitamin D levels. This message may be of great importance from a public health perspective, because it is potentially helpful to recommend smoking cessation in the high-risk smokers, that is, those with 25-OH vitamin <10 ng/mL. Additionally, though higher vitamin D level attenuates the association between smoking status and severity of CHD, we are not recommending smoking in those with higher vitamin D level, given that it is nonsmokers, but not smokers, with higher vitamin D level that have the lowest OR of severe CHD.
